semiconducting materials are analogous to the conduction band minimum and valence band maximum in inorganic semiconductors. Generally, the solution-processes organic semiconductor layers used in the OSCs are amorphous. The structural disorders in the organic semiconductors have a significant impact on the performance of OSCs. 3, 4 The edges of conduction band minimum and valence band maximum in the amorphous semiconductor materials are not clearly defined, with the band tail states extended into the bandgap. 5, 6 Gaussian distribution is often used to approximate the density of the band tail states. The disorder-induced loss in V OC of OSCs is associated with the term −ߪ ଶ /݇ܶ, where ߪ is related to the width of Gaussian distribution, k is the Boltzmann constant and T is the temperature. 7, 8 It is important to understand the origin of V OC in OSCs, including the effect of monomolecular and bimolecular recombination on V OC . 9,10 Shockley equation is derived based on the classical p-n junction theory and describes the current-voltage behavior of a p-n junction diode. The Shockley equation for a p-n junction diode can be expressed by:
where V a is the external bias, J 0 is the saturation current under a small reverse bias (V a <0), q is the elementary charge. In a p-n junction type solar cell, the direction of the photocurrent J ph is opposite to the current caused by a forward bias. Therefore, the Shockley equation for p-n junction type solar cells under illumination becomes:
At the open circuit condition, the current in the external circuit is 0, i.e. J (V a =V OC ) =0， therefore, V OC can be expressed by:
where m is dependent on the ideality of the p-n junction diode.
It is easy to see that V OC is a function of light intensity as J ph is directly related to light intensity. J 0 is the dark reverse saturation current and is the fundamental character of a p-n junction diode. Under reverse bias, the dynamic equilibrium of minority carriers results in the saturation dark current density J 0 . The dynamic equilibrium of the minority carriers is obtained via the balance between the charge injection and recombination. Therefore, the charge recombination in a p-n junction type solar cell has a great impact on its J−V characteristics.
Following the metal-insulator-metal model, as an approximation, considering the energy level of the HOMO in the organic donor can be analogous to the valence band minimum in the inorganic semiconductor, and that of the LUMO level in the organic acceptor is analogous to the valence band maximum, the charge carrier dynamics inside an OSC can be described 9, 12,13 using the following expressions:
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where n and p are the concentrations of the electrons and holes inside the device, n i is the intrinsic carrier concentration (electrons and holes) in the organic active layer, N c is the effective density of states (for both conduction band and valence band), and ∆E is the difference in the energy levels between the LUMO of acceptor and the HOMO of donor.
From Equations S4 and Equation S5, V OC can be expressed by:
∆E may be modified if the Gaussian disorder in the organic semiconductor materials is taken into consideration, V OC can be expressed by:
The carrier concentration in the device is determined by the dynamics of mobile charge carrier generation and recombination, or mathematically it can be expressed by the following equation:
where Vol is the volume of the active region, g e is the number of photo-generated free electrons per unit time, r e is the number of free electrons lost to the recombination. Based on the metal-insulator-metal model and the concept expressed by Equation S8, taking into consideration of space charge effects, the continuity equation becomes:
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where G is the exciton generation rate, P is the exciton dissociation probability and R is the recombination rate. At an open circuit condition, there is no current in the device, and thereby the correlation between I and the charge recombination (R) becomes:
where A is the linear coefficient linking the exciton generation rate (averaged photon absorption ratio) and the intensity of the incident light (I). To express V OC as a function of I, a relationship between the recombination R and the density of the free carriers (n/p) is essential.
The bimolecular recombination and monomolecular recombination are examined separately.
If the bimolecular recombination is the dominant recombination process in the system, the limiting factor on the rate of bimolecular recombination is the possibility to find the recombination partners. Therefore, the bimolecular recombination rate can be expressed as:
Under illumination, the intrinsic carrier concentration n i , excited by thermal energy and external bias, is much lower than the photo-excited charge carriers. By neglecting the term ݊ ଶ , using Equation S9, Equation S10 and Equation S11, the V OC of OSCs and the intensity of light can be related through the following equation: 
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If the monomolecular recombination becomes the dominant recombination process in the cell, then the limiting factor of the monomolecular recombination is the possibility finding an effective trap site, the monomolecular recombination rate can be described by Schockley-Read Hall equation:
where C n and C p are the capture coefficients of electrons and holes respectively, ߜ is the density of the trap sites, p/n is the hole/electron density generated by photoexcitation, n i is the intrinsic carrier concentration. Under illumination, the concentrations of photo-generated electrons and holes are about the same, i.e., p≈n, since the electrons and holes are generated in pair. The number of photo-generated charge carriers is greater than that of the intrinsic ones,
i.e., p≈n>>n i , Equation S13 can be simplified as:
where , 
